Nitric oxide (NO) is a secretory product of mammalian cells that plays an important role in the regulation of vascular tone, platelet function, neurotransmission, and host defense mechanisms (13, 20, 22) . NO is derived from the guanidino nitrogens of L-arginine by NO synthase (NOS), producing L-citrulline as a coproduct. NOS has been purified from macrophages (8, 9, 19) and bovine aortic endothelial cells (17) . Although NO biosynthesis through oxidative (nitrification) or reductive (denitrification) pathways has been well studied in microorganisms (6, 15, 23) , the formation of NO from L-arginine has rarely been investigated. Because bacteria generally possess a urea cycle or a deiminase pathway for the metabolism of L-arginine, L-arginine is recomposed to L-ornithine and urea by arginase or to L-citrulline and ammonia by arginine deiminase. Chen and Rosazza (2, 3) recently purified NOS from Nocardia sp., and NOS has been identified in only this one microbial species. The ferrous complex of myoglobin containing one molecule of NO is called nitrosylmyoglobin [NO complexed with Fe(II) myoglobin]. Nitrosylmyoglobin is formed by the reaction of myoglobin with NO generated from nitrite in cured meat products. Arihara et al. (1) screened lactic acid bacteria (22 species, 81 strains) for the ability to convert metmyoglobin to nitrosylmyoglobin on MRS agar plates without nitrite and nitrate addition. Although only Lactobacillus fermentum converted metmyoglobin to nitrosylmyoglobin, it was uncertain how L. fermentum formed NO without addition of nitrite and nitrate to the medium.
L. fermentum strains are isolated from yeast, milk products, sourdough, fermenting plant materials, manure, sewage, and the mouths and feces of humans. The GC content of the DNA of this species is 52 to 54 mol%, and this species does not possess L-lactate dehydrogenase. L. fermentum is one of the most important lactic acid bacteria contributing to the formation of healthy intestinal flora and is beneficial to its host (10) .
In the studies reported here, 10 strains of L. fermentum were screened for the capacity to convert metmyoglobin to nitrosylmyoglobin without addition of nitrite and nitrate. We elucidated the enzymatically synthesized NO in L. fermentum derived specifically from the two equivalent guanidino nitrogens of L-arginine by stable isotope enrichment experiments. Capacity for metmyoglobin conversion to nitrosylmyoglobin. The strains were examined for the ability to convert metmyoglobin to nitrosylmyoglobin in MRS broth as previously described (1, 12) . MRS broth supplemented with 2.0 mg of metmyoglobin (originating from equine heart; Sigma Chemical Co.) per ml was designated MRS-Mb broth. Nitrosylmyoglobin was detected by the method of Okayama and Nagata (14) and by electron spin resonance (ESR) analysis.
MATERIALS AND METHODS

Nitrogen
ESR. Each culture fluid (400 l) was directly transferred to an ESR tube. ESR spectra were recorded on an ESR spectrometer (JES-TE2X; JEOL Co., Ltd.) under the following conditions: microwave power, 4 mW; modulation frequency and width, 100 kHz and 1.0 mT; temperature, 77 K; measurement time, 8 min. MRS broth without MnSO 4 was used for ESR analysis.
Analysis of NO 2 ؊ and NO 3 ؊ . NO 2 Ϫ and NO 3 Ϫ concentrations in the supernatant samples were determined by using a Nitrate/Nitrite Assay Kit (Cayman Chemical Co.) based on the Griess reaction. The final products of NO in vitro are NO 2 Ϫ and NO 3 Ϫ . The relative proportions of NO 2 Ϫ and NO 3 Ϫ are variable and cannot be predicted with certainty. Thus, the best index of total NO production was the sum of NO 2 Ϫ and NO 3 Ϫ . The total concentration of NO 2 Ϫ and NO 3 Ϫ was measured in a simple two-step process with this kit. The first step was the conversion of NO 3 Ϫ to NO 2 utilizing nitrate reductase. The second step was addition of the Griess reagents, which convert NO 2 into a deep purple azo compound.
Protein determination. Protein was measured by the method of Lowry et al. (11) . Bovine serum albumin (fraction V) was used as the standard.
15 N enrichment of NO 2 ؊ and NO 3 ؊ . 15 N enrichment of NO 2 Ϫ and NO 3 Ϫ in cell culture supernatants was measured by gas chromatography-mass spectrometry (GC-MS) after converting benzene to nitrobenzene by the procedure of Tesch et al. (21) . Addition of 1 M H 2 O 2 (0.3 ml) and benzene (5 ml) to the cell culture supernatant (1 ml) was followed by the slow addition of concentrated H 2 SO 4 (5 ml). The solution was shaken at room temperature for 10 min. Samples (1 l) were injected into a Fisons Instruments MD-800 GC-MS system. A Fisons Instruments GC8000 system equipped with an SPB-5 capillary column (30 m by 0.32 mm [inside diameter]; 0.25-m film thickness) and coupled to a mass spectrometer (Fisons Instruments MD-800) by direct interface at 280°C was used. The following two-step temperature program was applied: (i) an initial column temperature of 60°C held for 1 min and then a programmed increase to 120°C at a rate of 8°C/min and (ii) a final column temperature of 250°C reached by means of a temperature increase of 20°C/min. The injector temperature was 250°C, and the inlet pressure was 40 kPa. The nitrobenzene emerged from the column at 6. 
RESULTS AND DISCUSSION
All 10 strains of L. fermentum tested were capable of converting metmyoglobin to red myoglobin derivatives in MRSMb broth. The visible spectra of the acetone-extracted pigment from the MRS-Mb cultures showed four absorption peaks at 395, 476, 535, and 563 nm, which is the typical pattern of nitrosylmyoglobin (14) . Each red myoglobin derivative was identified as nitrosylmyoglobin, which is present in cured meat products. Of the 10 strains, L. fermentum IFO 3956 was used in the following experiments because it was found to possess the strongest metmyoglobin conversion capacity.
As IFO 3956 converted metmyoglobin to nitrosylmyoglobin, myoglobin was used as a spin-trapping agent for endogenous NO. Duprat et al. (5) reported that in the native form of myoglobin, protoheme is bound to the protein by a proximal histidine; however, upon activation by reaction with NO, the proximal base-to-heme bond is thought by many to be broken, so that the prosthetic group remains in the protein matrix without any covalent or coordinate bond between the protein and the heme. The iron(II) form of myoglobin forms a hexacoordinated NO complex at around neutral pH. At low pH, breaking or stretching of the proximal imidazole-heme bond has been reported for Aplysia limicina nitrosylmyoglobin, suggesting that pH lowering and NO binding act synergistically to weaken the imidazole bond (5). Since it has been shown that the pentacoordinated forms of several heme proteins (e.g., myoglobin, hemoglobin, and horseradish peroxidase) lose the proximal base at sufficiently low pH, they should lose the proximal base more easily after binding NO, a fact confirmed by appearance of the three-line ESR spectrum for a pentacoordinate nitrosylmyoglobin at pHs of Ͻ5 (5, 16). After IFO 3956 was incubated in MRS-Mb broth (pH 6.3) at 37°C for 16 h, the pH of the culture decreased to 4.3. The ESR spectrum of metmyoglobin in MRS broth is shown in Fig. 1A , and no signal can be seen at a g factor of around 2. The ESR spectrum of MRS-Mb culture of IFO 3956 showed three g factors with a rhombic symmetry of a g factor of around 2 (Fig. 1B) and a typical pentacoordinate nitrosylmyoglobin. The well-resolved triplet in the g ϭ 2 region of the spectrum is due to hyperfine splitting of the 14 N nuclei of NO with an unpaired electron. Experiments were carried out to determine the amounts of NO 2 Ϫ and NO 3 Ϫ produced by the cell suspension and the cell extract of IFO 3956. Table 1 shows the effects of L-arginine and NADPH, H 4 B, FAD, and FMN on NO 2 Ϫ and NO 3 Ϫ production by the cell suspension and the cell extract of IFO 3956 incubated for 6 h at 37°C. In mammals and macrophages, L-arginine is found to be a precursor of NO production while NADPH, H 4 B, FAD, and FMN are required cofactors for NOS activity (13) . Although both a cell suspension and a cell extract of IFO 3956 also produced NO 2 Ϫ and NO 3 Ϫ without addition of L-arginine, addition of NADPH, H 4 B, FAD, and FMN resulted in the release of more NO. We guess the reason why the bacterial cells did not require addition of L-arginine to produce NO 2 Ϫ and NO 3 Ϫ is that the cells took enough Larginine from the MRS broth.
To determine which nitrogen atom in L-arginine was converted to NO 2 Ϫ or NO 3 Ϫ , the cell suspension and the cell extract of IFO 3956 were incubated in the presence of L-[guanidino- 15 N 2 ]arginine. The NO 2 Ϫ or NO 3 Ϫ in the mixture supernatants was converted to nitrobenzene. The 15 N enrichment of the products was determined by GC-MS as shown in Table 2 . In this experiment, the general reagent nitrobenzene (Nacalai Tesque, Inc.) was used as the standard and the GC-MS retention time was measured. As shown by the darkened areas in Fig. 2A and B, nitrobenzene was found at approximately 6.3 min. Fig. 2C and D show the result of the measurement using one of the samples listed in Table 2 system both with and without nitrite was used, NO formation was still observed. Nitrobenzene consists of six carbon, five hydrogen, one nitrogen, and two oxygen atoms. In general, stable isotopes of these elements are known to exist in the natural world at the following ratios:
12 C: 13 ϫ 0.99634 ϫ 0.99762 2 ϫ 100. The result obtained by subtracting the result (92.72%) from 100% (7.28%) is the calculated rate, showing that one element in nitrobenzene was permuted into a stable isotope. As shown in Table 2 , when we measured nitrobenzene three times as the standard, the average result was 6.94%. All of the data shown later in this text are averages of two measurements. NO in solution has very high reactivity, and most of it turns into NO 2 Ϫ in an aerobic environment. When benzene was added to a solution containing NO 2 Ϫ under the conditions described in Materials and Methods, specific formation of nitrobenzene was observed (19) . Assuming that the resulting nitrobenzene was originally from NO produced in the liquid culture, we performed another experiment. First, for IFO 3956, nitrobenzene was prepared by using a cell suspension and the general reagent L-arginine (Nacalai Tesque, Inc.) was added. The stable isotope percentage contained in the nitrobenzene prepared earlier was 6.93%; this agrees with the stable isotope percentage in the nitrobenzene used as the standard. Next, as shown in Table 2 , we performed the experiment under five different conditions with L-[guanidino- 15 N 2 ]arginine as the substrate; however, since data collected from experiments conducted under equal conditions are considered quantitative, we consider it a separate issue. For the cell suspension, incubation times of 3 and 6 h were used. Very little difference in the amount of nitrobenzene produced was observed, suggesting that the reactivity of the bacterial cells is already lost at 3 h. The (m/z 124)/(m/z 123) increased from 7.71% at 6 h to 7.78% at 3 h, as a result of the increase in 15 N originating from L-[guanidino-15 N 2 ]arginine. The incubation time for the cell extract was 3 h, and the amount of nitrobenzene produced was about 11 times higher in the cell extract than in the cell suspension. But the (m/z 124)/(m/z 123) was 7.57% in the cell extract and was therefore hardly different from that in the cell suspension. The influence of NADPH, H 4 B, FAD, and FMN was then examined by using a cell extract. About twice the amount of nitrobenzene was produced when NADPH, H 4 (4, 18) and L-arginine taken in by bacterial cells is generally in peptide form; thus, it is speculated that L-arginine is not likely to be taken in directly by bacterial cells in the form of L-[guanidino- 15 N 2 ]arginine. Some lactic acid bacteria have an L-arginine metabolic system, the so-called arginine deiminase pathway. In this system, L-arginine is converted into L-citrulline and then to ornithine, producing NH 3 and ATP as metabolites. In metabolisms in which NOS is involved, such as those of mammals, NOS is similarly converted into citrulline. Further investigations into the relationship between the arginine deiminase pathway and the presence of NOS in IFO 3956 are necessary.
The observed 15 N enrichment in nitrobenzene showed that one or both of the two terminal guanidino nitrogens of Larginine were being converted to NO 2 Ϫ or NO 3 Ϫ by the bacterial cells. Iyengar et al. (9) reported that the following compounds were found to be precursors, with the results expressed as a percentage with L-arginine as 100%: L-homoarginine (80%), L-arginine methyl ester (82%), L-arginamide (72%), and the peptide L-arginyl-L-aspartate (84%). D-Arginine, Largininic acid, L-agmatine, L-ornithine, urea, L-citrulline, ammonia, and L-canavinine were among the nonprecursors. They discovered that one or both of the two terminal guanidino nitrogens of L-arginine were being converted to NO 2 Ϫ or NO 3 Ϫ by macrophage NOS (9) . From this, we could assume that the putative NOS from L. fermentum might be similar to the macrophage and mammalian NOSs (9, 13, 21) because of NO production from the two terminal guanidino nitrogens of L-arginine and the same cofactor requirements. Chen and Rosazza (2, 3) suggested that the stoichiometry of NO formed versus L-arginine used and the inhibition of Nocardia NOS by N G -nitro-L-arginine, which is a typical reversible inhibitor of mammalian NOSs, were similar to those observed in mammalian NOS systems. As L. fermentum IFO 3956 produced NO without a nitrification or denitrification pathway, IFO 3956 might possess a bacterial NOS and further work is in progress to purify the NOS of L. fermentum. To our knowledge, this demonstrates for the first time the production of NO synthesized from the guanidino nitrogens of L-arginine by lactic acid bacteria.
